Abstract This paper investigates the non-linear seismic behavior of structures such as slender unreinforced masonry shear walls or precast post-tensioned reinforced concrete elements, which have little hysteretic energy dissipation capacity. Even if this type of seismic response may be associated with significant deformation capacity, it is usually not considered as an efficient mechanism to withstand strong earthquakes. The objective of the investigations is to propose values of strength reduction factors for seismic analysis of such structures. The first part of the study is focused on non-linear single-degree-of-freedom (SDOF) systems. A parametric study is performed by computing the displacement ductility demand of nonlinear SDOF systems for a set of 164 recorded ground motions selected from the European Strong Motion Database. The parameters investigated are the natural frequency, the strength reduction factor, the post-yield stiffness ratio, the hysteretic energy dissipation capacity and the hysteretic behavior model (four different hysteretic models: bilinear self-centring, with limited or without energy dissipation capacity, modified Takeda and Elastoplastic). Results confirm that the natural frequency has little influence on the displacement ductility demand if it is below a frequency limit and vice versa. The frequency limit is found to be around 2 Hz for all hysteretic models. Moreover, they show that the other parameters, especially the hysteretic behavior model, have little influence on the displacement ductility demand. New relationships between the displacement ductility demand and the strength reduction factor for structures having little hysteretic energy dissipation capacity are proposed. These relationships are an improvement of the equal displacement rule for the considered hysteretic models. In the second part of the investigation, the parametric study is extended to multidegree-of-freedom (MDOF) systems. The investigation shows that the results obtained for SDOF systems are also valid for MDOF systems. However, the SDOF system overestimates 
the displacement ductility demand in comparison to the corresponding MDOF system by approximately 15%.
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Introduction
This paper presents the main results gained during a research project performed at the Swiss Federal Institute of Technology in Lausanne (EPFL). The complete description of this work may be found in Trueb (2005) . The research project addresses non-linear structural behavior in the context of seismic design and evaluation. Specifically, it aims to answer the following question: under what conditions can the strength reduction factor for structures with little hysteretic energy dissipation capacity be extended beyond the limit value of 1.5 proposed by the current construction codes? Note that the limit value of 1.5 in the construction codes does only consider overstrength and does therefore not include potential stable non-linear behavior.
Context
It is well established that structures do not remain elastic under extreme ground motion. Non-linear behavior therefore constitutes the key issue in seismic design and evaluation of structures. However, to avoid the use of more elaborate analysis, structural engineering methodologies are usually based on simplified static methods to determine seismic action. This particularly applies to design where such methodologies are still used, even with modern design concepts such as the capacity design method (Paulay and Priestley 1992) . In these simplified methods, compared to linear behavior, seismic action is reduced according to the deformation capacity and the energy dissipation capacity of the structure since it undergoes large inelastic deformations. More specifically, elastic response spectra and strength reduction factors are used. In other words, the strength reduction factor allows the use of linear elastic analysis to estimate the maximum inelastic response. The majority of the building codes around the world are based on this design philosophy.
Intensive numerical investigations have already been performed to examine the relationships between strength reduction factors and the non-linear behavior of structures subjected to earthquake ground motions. This was done for both recorded and synthetic earthquakes (see Miranda and Bertero (1994) for a review of significant investigations). The studies were generally focused on non-linear single-degree-of-freedom (SDOF) systems defined by different hysteretic models. However, the involved hysteretic models (elastoplastic, Clough, Takeda, etc.) were mostly related to seismic behavior with significant energy dissipation such as ductile reinforced concrete shear walls. Until recently, very few systematic investigations were carried out for structures with little hysteretic energy dissipation capacity such as slender unreinforced masonry shear walls that show very different seismic behavior (Christopoulos et al. 2002 (Christopoulos et al. , 2003 . Figure 1 illustrates this fundamental difference with the hysteretic loops measured in dynamic tests on slender structural shear walls (Lestuzzi and Bachmann 2007; ElGawady et al. 2006) . Even if both structural walls clearly behave in a non-linear manner, the hysteretic energy dissipation capacity is totally different. Ductile reinforced concrete shear walls (Fig. 1, left) show significant hysteretic energy dissipation capacity. By contrast, unreinforced masonry shear walls (Fig. 1, right) behave in a rocking 
mode associated with very little hysteretic energy dissipation. Other structures that show this type of behavior are precast post-tensioned reinforced concrete structures or concentrically braced steel structures with slender diagonal elements (Bruneau et al. 1998 ).
Equal displacement rule
Based on the results of the intensive numerical studies, empirical relationships were proposed. The equal displacement rule is the most popular one. As illustrated in Fig. 2 , the equal displacement rule states that inelastic peak displacements (u p ) are approximately equal to elastic peak displacements (u el ) whatever the selected yield strength (F y = F el /R or yield displacement u y = u el /R) of the structure. Note that when assuming that the stiffness is independent of strength, the equal displacement rule leads to a strength reduction factor (R) equal to the global displacement ductility (µ = u p /u y ). The equal displacement rule plays a significant role in current seismic design since it constitutes the basic assumption for the definition of the strength reduction factors (e. g. behavior factor q in EC8). The equal displacement rule was found to be generally correct and almost independent of the hysteretic model, for both real and synthetic earthquakes, and for structures with natural frequencies below a frequency limit (generally between 1.5 Hz and 2 Hz). Figure 3 illustrates the methodology used in this study. It consists of a systematic investigation of the non-linear response of SDOF systems subjected to a set of 164 earthquake recordings. These records are taken from the European Strong Motion Database (Ambraseys et al. 2002) . The structural behavior is described by two hysteretic models developed for simulating Fig. 3 Schematic description of the followed methodology limited hysteretic energy dissipation capacity. In addition, two recognized hysteretic models are included to serve as a reference. Statistical analysis of the seismic response is performed for thirteen initial natural frequencies (f 0 ) representing the typical range of natural frequencies of buildings and for nine values of the strength reduction factor (R). The displacement ductility demand is considered to be a representative indicator for the non-linear seismic behavior.
Methodology
As some discrepancies between the characteristics in the seismic non-linear behavior of SDOF systems and multi-degree-of-freedom (MDOF) systems were already reported (Nassar and Krawinkler 1991) , the investigations are later extended to MDOF systems. The motivation behind this second part of the investigations is to test if the results obtained for SDOF systems hold true for MDOF systems representing buildings. For this purpose, several MDOF systems are subjected to the set of 164 recordings. Every story of the MDOF systems follows the same hysteretic behavior without hysteretic energy dissipation capacity. Statistical results are then compared with those of equivalent SDOF systems which were defined to have the same push-over curve as the corresponding MDOF systems.
Ground motions
Non-linear time history analysis may be carried out using both recorded earthquakes or artificially generated earthquakes. The reported investigations are focused on recorded earthquakes. Compared to recordings, synthetic earthquakes introduce additional uncertainties and bias that can strongly influence non-linear seismic behavior (Schwab and Lestuzzi 2007) .
164 registered ground acceleration time histories from the European Strong Motion Database (Ambraseys et al. 2002) are used. The selection of the recordings in the database is based on structural engineering considerations rather than seismological ones. As a consequence, In order to consider earthquakes that may produce significant non-linearities in the structural behavior, only recordings with a magnitude larger than 5 were considered. Figure  4 shows the magnitude-epicentral distance relationship of the set of 164 selected recordings. Their main characteristics are listed in the appendix table A. The magnitudes range from 5.0 to 7.6, the epicentral distances range from 2 to 195 km and the peak ground accelerations (PGA) range from 0.61 to 7.85 m/s 2 .
This data base was used in another research project in the field of seismic non-linear behavior in which criteria to choose suitable earthquake recordings for non-linear dynamic analyses of ductile structures were developed. As a result, predictions of the seismic impact on this type of structures could be improved (Lestuzzi et al. 2004 ).
Investigations with SDOF systems
According to the methodology illustrated in Fig. 3 , the following parameters are examined in the first part of the study with SDOF systems: the initial natural frequency, the strength reduction factor and the hysteretic energy dissipation capacity using four hysteretic models.
Definition and hysteretic models
The non-linear SDOF system is defined by the following parameters:
• the initial natural frequency f 0 • the strength reduction factor R • the hysteretic model according to which the structure behaves in the non-linear range Slender masonry shear walls show this sort of behavior when the failure mode is "rocking" and the other modes i.e. "sliding", "shear failure" and "toe crushing" may be excluded (Fig. 1, right) . The elastic part of the force-displacement relationships represents the usual flexural deformation of the masonry shear wall. Once the tensile strength is reached, large flexural cracks occur at the base of the cantilever shear wall. As the displacements increase, the shear wall behaves like a rigid body rotating about the compressed toe. When forces reverse, the flexural cracks close and the shear wall behaves like an uncracked one (this corresponds to the elastic branch of the force-displacement curve). The equilibrium is only ensured by external contact forces to the wall and its own weight. If the wall element is restrained by the concrete floor and the slabs of the ceiling this creates a certain amount of additional strength that can be interpreted as hardening in the plastic deformation.
The force-displacement relationship of the bilinear self-centring model is specified through three parameters: the initial stiffness, the yield displacement and the post-yield stiffness, expressed as a portion of the initial stiffness. 2) Bilinear self-centring model with energy dissipation (Flag-model) : In order to refine the bilinear self-centring hysteretic model such that it represents the measured behavior more closely, a small amount of hysteretic energy dissipation capacity is implemented. The key concept is the introduction of a different unloading stiffness after the element has undergone plastic deformation. However, the self-centring aspect of the model is still preserved. It is assumed that the transition from elastic to plastic behavior will always occur at the same specified yield displacement. The amount of energy dissipation is controlled by adjusting the unloading stiffness (higher unloading stiffness produces more hysteretic energy dissipation). Because of its shape, this model is called "Flag-model". Comparing the hysteretic model from Fig. 5 to the experimental curve shown in Fig. 1 on the right-hand side one can observe that the model simulates the correct behavior quite accurately. The main simplification from the experiment to the model is the assumption that the model is self-centring and the curve hence passes through the origin. The force-displacement relationship of the Flag-model is specified through four parameters: the initial stiffness, the yield displacement, the post-yield stiffness and the unloading stiffness. The later two stiffnesses are expressed as a portion of the initial stiffness.
3) Elastoplastic model (EP-model):
The elastoplastic model is sometimes also called bilinear model. Even if it is mainly intended for elastoplastic materials, such as steel, this model is extensively used for all types of materials due to its simplicity. It is included in this study because it is one of the standard models often taken as a reference in numerical simulations. The objective is to compare the hysteretic models with little hysteretic energy dissipation capacity, which are the main subject of this study, to the elastoplastic model that shows a large amount of energy dissipation.
The force-displacement relationship of the EP-model is specified using only three parameters: the initial stiffness, the yield displacement and the post-yield stiffness expressed as a portion of the initial stiffness.
4) Modified Takeda-model:
The modified Takeda-model provides a much better simulation of the features of materials such as reinforced concrete than the EP-model. Specifically, the modified Takeda-model includes realistic conditions for the reloading curves and takes into account the degradation of the stiffness due to increasing damage, which is an important feature of reinforced concrete subjected to seismic loading (Saatcioglu 1991). However, the modified Takeda-model does not account for strength degradation. The Takeda-model was initially proposed in an original version by Takeda et al. (1970) . The modified Takeda-model was developed independently by Otani (1974) and Litton (1975) . It was later adapted by many researchers. The version used here is the one of Allahabadi and Powell (1988) . The force-displacement relationship of the modified Takeda-model is specified through five parameters: the initial stiffness, the yield displacement, the postyield stiffness, a parameter relating the stiffness degradation (α) and a parameter (β) specifying the target for the reloading curve. In this study, the modified Takeda-model is used as a reference. Therefore, standard values of the parameters (α = 0.4 and β = 0.0) are used in all analyses.
Results with SDOF systems
Relative displacements are used to represent the dynamic non-linear response. According to the value of the strength reduction factor, yield displacements are primarily determined through linear elastic analysis for each recording. By varying the initial fundamental frequency, the strength reduction factor and the hysteretic model, a single ground motion leads to 468 (13 × 9 × 4 = 468) different dynamic non-linear responses. Because the computations are repeated for each recording, 164 values are used to determine the average and standard deviation for each couple of strength reduction factor and initial fundamental frequency. The results for the displacement ductility demand are presented first, in terms of mean values and in terms of variability. A later section relates the impact of the post-yield stiffness on the non-linear behavior of the SDOF systems. Finally, two simplified R-µ -T relationships for structures having limited hysteretic energy dissipation capacity are proposed.
Mean values of displacement ductility demand
The displacement ductility demand (µ ) is defined as the ratio of the peak non-linear displacement to the yield displacement. The displacement ductility demand varies strongly between different considered ground motions but mean values obtained from a large number of ground motions show clear tendencies. Typical results are illustrated in Figs. 6 and 7. The plotted results correspond to a post-yield stiffness equal to 10% of the initial stiffness for all the hysteretic models. For the Flag-model, the unloading stiffness is equal to 20% of the initial stiffness.
The plots in Figs. 6 and 7 show very similar tendencies for all hysteretic models. As expected, larger displacement ductility demands are related to hysteretic models with smaller hysteretic energy dissipation capacity (Fig. 6) . However, the differences are not pronounced. Moreover, the general shape of the curves is conserved. The displacement ductility demand stays more or less constant for frequencies below 2 Hz and afterwards increases with increasing frequency. 
Variability of displacement ductility demand
Besides mean values, variability is the main statistical characteristic of the displacement ductility demand. Typical results are illustrated in Fig. 8 for one value of the strength reduction factor (R = 3). In order to characterize the variability, the mean values (solid line) are plotted together with mean values plus one standard deviation and mean values minus one standard deviation (dotted lines) as a function of the initial frequency of the SDOF systems. Similar to Figs. 6 and 7, the plotted results correspond to a post-yield stiffness equal to 10% of the initial stiffness. Based on the plots of Fig. 8 , the comparison between the S-model and the modified Takeda-model shows that even if variability is significantly larger for the S-model, there are similarities in both hysteretic models. Variability stays approximately constant for frequencies below 2 Hz and significantly increases afterwards. It should be noted that singularities in displacement ductility demand appear for the very low frequencies between 0.25 and 0.5 Hz (see . Not much importance is attached to this observation because this is probably an undesired effect produced by the noise in the ground acceleration measurements. The seismometers are often not adequately equipped to measure very low frequencies and so the recorded ground acceleration time history is corrupted, which leads to the found result. A fact that supports this conclusion is that this effect appears regardless of the hysteretic model used and for all ground motions and strength reduction factors.
Post-yield stiffness
To avoid falsifying the parametric study of the post-yield stiffness ratio (hardening coefficient), the S-model is used instead of the Flag-model. For the Flag-model, the hysteretic energy dissipation capacity is directly influenced by the variation of the post-yield stiffness ratio. The results of the study are shown in Fig. 9 for a selected value of the initial frequency (f 0 = 2 Hz) and a selected value of the strength reduction factor (R = 2). The influence of the post-yield stiffness ratio is insignificant. Some hysteretic curves are plotted in Fig. 9 (left) to highlight the influence of hardening. As expected, the displacement ductility demand decreases with increasing post-yield stiffness ratio. However, in the range of reasonable hardening coefficients for structures having limited hysteretic energy dissipation capacity, the influence of hardening on the displacement ductility demand is minimal Fig. 9 The impact of hardening is very limited. Force-displacement relationships for different values of hardening (left). The displacement ductility demand is decreasing for an increasing hardening coefficient. It follows a linear relationship as a function of hardening coefficient (right) (Fig. 9, right) . The mean values of displacement ductility demand (solid line) are plotted together with mean values plus one standard deviation and mean values minus one standard deviation (dotted lines) as a function of the hardening coefficient in Fig. 9 (right). The displacement ductility demand is found to be linear. Note that, of course the displacement ductility demand approaches the value of the considered strength reduction factor as the hardening coefficient increases to 100%, which would represent elastic behavior.
A simplified formulation for R-µ -T relationships
The main objective of the research project is to propose strength reduction factordisplacement ductility demand relationships for structures with limited capacity of hysteretic energy dissipation. However, similar to the equal displacement rule, the formulation should remain as simple as possible. In brief, for structures with limited capacity of hysteretic energy dissipation, the study is focused on the improvement of the equal displacement rule for the frequency range below 2 Hz, particularly for strength reduction factors between 2 and 3. Figure 6 shows that the equal displacement rule (µ = R) leads to underestimating the results for both the S-model and the Flag-model and for all frequencies above 0.5 Hz. By contrast, the usual competing empirical rule of equal energy (µ = R 2 /2 + 1/2) leads to largely overestimated results for strength reduction factors above R = 2 (for instance, µ = 5 for R = 3). Consequently convenient relationships should lie between these two common empirical rules. As a boundary condition, the relationships should lead to µ = 1 for R = 1. Based on the results of the parametric study, a simplified formulation for R-µ -T relationships is proposed as follows:
The proposed R-µ relationships are printed in Fig. 10 and plotted together with the obtained results of Fig. 6 . Thus, for structures without any hysteretic energy dissipation capacity, Eq. 1 is used. For structures with a limited hysteretic energy dissipation capacity, Eq. 2 is recommended. The relationships (1) and (2) are set to be valid in terms of mean values for the frequency range below 2 Hz and for strength reduction factors between 2 and 3. The relationships should be adjusted if they are to be used for higher strength reduction factors. One suggested modification consists of removing the constant member in the proposed relationships.
The proposed relationships are slightly different for the S-model and for the Flag-model. As expected, Eq. 2 is closer to the equal displacement rule than Eq. 1. Note that for R = 2, Eq. 1 and the empirical equal energy rule lead to identical results (µ = 2.5). Figure 7 confirms that the equal displacement rule is valid for ductile structures whose seismic behavior may be modeled by the modified Takeda-model. Figure 7 shows that this is exactly true for frequencies below 2 Hz and for strength reduction factors up to R = 3. By contrast, the empirical rule is not very accurate for the EP-model.
Findings for SDOF systems
The parametric study on SDOF systems resulted in the following important findings. The most astonishing revelation is, that the chosen hysteretic model has limited influence on the displacement ductility demand. In other words, hysteretic models with little hysteretic energy dissipation capacity do not lead to excessive displacement ductility demand. The hysteretic energy dissipation capacity is seen to have only little effect on the displacement ductility demand. Note that since different yield displacements are used for the definition of the nonlinear SDOF system, the results for the displacement demand do not correspond to those for the displacement ductility demand.
The displacement ductility demand is influenced by the ground acceleration time history, the initial natural frequency of the SDOF system and the strength reduction factor. Generally, the investigated parameters: the hardening coefficient and the slope of the unloading branch of the Flag-model show little to no influence on the displacement ductility demand irrespective of the values considered for the initial natural frequency or the strength reduction factor.
The equal displacement rule is approximately satisfied for frequencies below 2 Hz but has a tendency to slightly underestimate the displacement ductility demand for the S-model and for the Flag-model. However the empirical rule is accurate for the modified Takeda-model. Thus, more accurate displacement ductility demand-strength reduction factor relationships for the S-model and for the Flag-model are formulated.
Investigations with MDOF systems
In order to verify the validity of the above conclusions obtained for SDOF systems for multistorey structural wall buildings, a second investigation is performed with MDOF systems. Non-linear responses are computed using the same database of 164 recordings. The same type of non-linear constitutive law according to the S-model is used for every storey of the MDOF system. Since it was found that in the case of SDOF systems the hysteretic energy dissipation has little influence on the displacement ductility demand, the investigations were not extended to a non-linear constitutive law such as the Flag-model. Figure 11 shows an example of the structures which were used in this part of the study. The model represents a building with four stories. The mass of the building is modeled as a concentrated mass (M) at each story level and it is kept the same for every story. The slabs are considered infinitely rigid in their in-plane direction and no rotational degrees of freedom are introduced. Each story has one horizontal lateral displacement degree of freedom. All the stories are modeled with the same hysteretic model, namely the S-model. This hypothesis is based on the assumption that the slabs are infinitely rigid and therefore every wall element between the slabs can undergo a rocking behavior with no coupling effect. All other failure mechanisms, such as sliding or shear, are excluded. Moreover the use of only one simple constitutive law for all stories enables the comparison between SDOF and MDOF systems.
Definition of MDOF systems
In contrast to the SDOF system, the MDOF system is defined by the story stiffness. In accordance with a Rayleigh-type damping model, a value of 5% damping ratio is assumed for the modes 1 and 2. The selection of the first and the second mode of vibration ensures a damping ratio greater than or equal to 5% for all modes. An accurate comparison between the MDOF system and its corresponding SDOF system is then possible since the influence of higher modes is limited by their larger damping ratios.
The determination of the displacement ductility demand is carried out for a 2 story, a 4 story and a 6 storey building model. The parametric study is performed for four values of the initial story stiffness (K = 100, 500, 1000 and 2000 N/m) and for four values of the strength reduction factor (R = 1.5, 2, 3 and 4). The mean values of the displacement ductility demand (for 164 ground motion records) are computed for all considered cases of stiffness summarized in Table 1 . The mass of every story was chosen to have a total mass of unity. The resulting fundamental frequency for all MDOF systems investigated is given in Table 1 . The hardening ratio of the constitutive law is set to 10 %.
Equivalent SDOF system
To ensure a relevant comparison of the results between MDOF and SDOF systems, equivalent SDOF systems are defined for each MDOF system. An equivalent SDOF system follows the same hysteretic model as the stories of the corresponding MDOF system (S-model). Thus both systems have the same initial fundamental frequency. However, the post-yield stiffness for the equivalent SDOF system should be calibrated to reproduce the same global behavior as the corresponding MDOF system. The equivalence is determined on the basis of push-over curves and leads to a modification (multiplication) of the hardening coefficient for equivalent SDOF systems (1.2 times for 2 DOF, 0.8 times for 4 DOF and 0.7 times for 6 DOF systems).
Yield displacement
Before computing the non-linear response, the yield displacement should be defined. In the considered MDOF systems, plastification is governed by the relative displacements between stories. So, plastification will first occur for the story with the largest relative displacements. Consequently, the yield displacement is defined as being the peak relative displacement between any two stories during the linear elastic response divided by the strength reduction factor. This is the case for the relative displacement between the first story and the ground level unless a mode other than the first mode is dominant.
Displacement ductility demand
The computation of the displacement ductility demand with MDOF systems is not as straightforward as with SDOF systems. It is important to distinguish between local and global ductility. The R-µ -T relationships are expressed for global displacement ductility demands. For example, the equal displacement rule is formulated for the global displacement ductility demand of a structure. Therefore, the comparison of the displacement ductility demand between SDOF and MDOF systems needs to be done on the basis of the global displacement ductility demand. The local ductility demand can also be of interest if it is compared to the ductility capacity of an element. This is beyond the scope of this study. The global displacement ductility demand is defined as the peak non-linear displacement at the top of the building divided by the top displacement at the stage when the first element reaches its yield relative displacement. The global yield displacement is the peak linear elastic displacement of the top of the building divided by the corresponding strength reduction factor.
Results with MDOF systems
The displacement ductility demand is chosen as a representative value for the non-linear behavior. In function of the value of the strength reduction factor, the yield displacement is computed through linear elastic analysis. In virtue of the discussion above, the global ductility is used to compute the displacement ductility demand. The results are plotted in Fig. 12 as a function of the fundamental frequencies of the examined structures. The plots of Fig. 12 show that the equivalent SDOF system (right) generally overestimates the displacement ductility demand when compared to the corresponding MDOF system (left). The difference lies between 10% and 15%. In the adopted methodology, some equivalent SDOF systems have a similar initial natural frequency (see Table 1 ) but a quite different post-yield stiffness ratio. This explains the abrupt drops in the force-displacement curves of the equivalent SDOF systems (Fig. 12, right) .
Findings with MDOF systems
The main finding of this second part of the study is that the displacement ductility demand of a MDOF system and its corresponding equivalent SDOF system is roughly the same. However, the equivalent SDOF system has a tendency to overestimate the displacement ductility demand by about 15%. This means that all the results obtained by the parametric study on SDOF systems are also relevant for MDOF systems.
The computations show that the plastic hinge formation is primarily concentrated at the base of the MDOF structures. Consequently, the local ductility demand is higher in the lower stories and decreases rapidly towards the top of the structure where the behavior can be considered as elastic. This confirms that the local ductility demand is considerably higher than the global displacement ductility demand.
The consequence for practical engineering is that a SDOF model for a building is admissible when analyzing the displacement ductility demand. The SDOF system overestimates the displacement ductility demand and thereby it is a conservative model. However, it is important to define the corresponding SDOF system with caution. Both SDOF and MDOF systems are roughly equivalent, if their "push over" curves are similar.
Summary and conclusions
In this paper, the seismic response of structures that show a non-linear behavior with little hysteretic energy dissipation capacity such as slender unreinforced masonry shear walls or precast post-tensioned reinforced concrete elements is investigated. The displacement ductility demand is computed for a set of 164 registered ground motions from the European Strong Motion Database. Statistical analyses are performed to characterize seismic performance. The obtained results reveal that hysteretic models with limited hysteretic energy dissipation capacity definitely do not lead to excessive displacement ductility demand. This is an important result that contradicts the widely held perception of hysteretic models without hysteretic energy dissipation capacity. It is often assumed that this kind of structural behavior is not an efficient mechanism to withstand strong earthquakes, even if it may be associated with significant deformation capacity. In the light of the presented results it is found that hysteretic energy dissipation capacity is not the unique characteristic of a good seismic behavior. The non-linear behavior due to the transition between initial stiffness and post-yield stiffness is the main favorable aspect that affects seismic behavior.
Note that since different yield displacements are considered for the definition of the nonlinear systems, the results obtained for the displacement ductility demand may not be extended to those for the displacement demand.
The results obtained by the parametric study performed on non-linear SDOF systems show that the displacement ductility demand is influenced by the ground acceleration time history, the initial natural frequency and the strength reduction factor. On the contrary, parameters such as the hardening coefficient and a small hysteretic energy dissipation capacity have little to no influence on the displacement ductility demand. This is found to be independent of the considered initial natural frequency or the strength reduction factor.
Based on the results, new strength reduction factor-displacement ductility demand relationships are proposed for hysteretic models with little to no hysteretic energy dissipation capacity (S-model and Flag-model) . For these models, in the frequency range below 2 Hz, the equal displacement rule provides only a rough approximation, as it always underestimates the displacement ductility demand. The proposed relationships represent improved empirical rules for structures with a limited capacity of hysteretic energy dissipation.
Compared to non-linear SDOF systems, similar seismic behavior is also seen in MDOF systems. However, the SDOF system has a tendency to overestimate the displacement ductility demand of the corresponding MDOF system by about 15%.
The following design recommendations should be retained:
• Strength reduction factors larger than 1.5 may be used for structures having limited hysteretic energy dissipation capacity.
• For seismic behavior related to limited hysteretic energy dissipation capacity, the SDOF system is on the "safe side" when analyzing the ductility demand compared to the MDOF system.
The upper-limit value of 1.5, currently beeing recommended by the design codes for strength reduction factors of structures with limited hysteretic energy dissipation capacity considering only their overstrength is definitely too conservative. As long as the structural elements have a large displacement capacity, strength reduction factors up to 3 can be adopted. Note that additional attention should be paid to the fact that no other structural failure mechanism can take place and that strength degradation may be excluded. For frequencies below 2 Hz a prediction of the displacement ductility demand may be obtained by using the proposed R-µ -T relationships. This conclusion is important for many cases. One example are slender unreinforced masonry elements subjected exclusively to the "rocking" failure mode. The proposed relationships are also applicable for structures such as those that use precast posttensioned reinforced concrete elements.
In applying the results of this study certain caution is recommended. The main source of concern is the important variability of the displacement ductility demand in function of the considered ground motion. Before using the findings pointed out herein in structural design and analysis, a study with ground motions that were adjusted to the design spectrum of the considered site should be conducted, in order to minimize the variability of the results. In other words, the obtained results are only valid qualitatively not quantitatively. It is also strongly recommended that the numerical results be validated by practical experiments. 
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